Introduction

46
Diets high in whole grain cereals are thought to be beneficial for health and several large scale 47 potassium (as K2O). The planting dates and inputs used are specified in Supplementary Table S1. Varieties  97 were harvested when they reached senescence and usually when grain moisture content was below 25%. 98
Materials and methods
Plots were harvested with a Sampo combine with 2.3 m cutter bar and the weight of grain per plot 99
measured. An 800 g sample of grain was collected from each plot and a 200 g subsample from this was 100 used for determining grain moisture and thousand kernel weight (TKW) which was determined with a 101 seed counter (Contador). TKW is often used as an indicator of grain quality in both barley and oats; in 102 barley, it is correlated with grain plumpness and is a good indicator of starch in the kernel (Newman and 103 Newman, 2008) . The remaining 600 g sample was dried in an oven for 48 h at 35 o C and retained for the 104 nutritional analyses. Grain yield (t ha -1 ) per plot was calculated at 15 % moisture content from the fresh 105 12 correlation between yield and protein was linked to the finding that the highest yielding varieties were 255 those with a high starch and low protein content (Waggon and Concerto) while the lowest yielding 256 varieties tended to be those with low starch and high protein content (Bere and Kannas). Previous studies 257 have shown TKW to be both positively and negatively associated with β-glucan (Zhou et al., 1999; 258 Andersson and Börjesdotter, 2011), but no significant correlation was found in the Orkney trial for either 259 oats or barley. Although the design of the trials did not allow a statistical comparison of oats and barley, 260 averaged over varieties and years the concentrations of fats and sugar were higher in oats, while NDF and 261 starch were higher in barley. 262
Mineral composition of oats and barley grown in Orkney 263
The content of abundant minerals in grains of oat and barley varieties grown in Orkney is summarised in 264 Table 3 and that of several trace elements in Supplementary Table S5 . The most abundant minerals 265 detected were potassium, phosphorus, magnesium, calcium and sodium while manganese, iron, copper 266 and zinc were all present in low, relatively similar amounts (< 6 mg per 100 g for both oats and barley). 267
Other studies (Peterson et al., 1975; Doehlert et al., 2012) have also reported magnesium, phosphorus, 268 potassium and calcium as the most abundant minerals in oats and barley. The high levels of phosphorus 269 and potassium probably reflect their application in fertilisers. The trace elements chromium, cobalt, 270 nickel, and molybdenum were all present at less than 2 µg per 100 g of cereal, while negligible amounts 271 of selenium, cadmium and lead were detected. There were significant differences between varieties of 272 oats for magnesium, phosphorus, calcium, copper, zinc, and molybdenum (p < 0.05) and varieties of barley 273 for phosphorus, sodium, manganese, copper, and zinc (p < 0.05). However, differences in the minerals 274 manganese, copper, zinc, nickel, and molybdenum were small and were based upon measurements of 275 very low levels (less than 4 mg per 100g in most cases). In both oats and barley, some varieties seemed 276 13 better at accumulating minerals than others, with the highest concentrations often occurring in Haga, 277
Bere and Kannas and the lowest in Vilgott and Firth. 278 In several cases, the mineral content of oat and barley varieties was significantly affected by the year. 279
There were significant differences in the annual means for magnesium, phosphorus, potassium and 280 calcium for oats (p <0.05), and for all minerals except iron, nickel and chromium for barley (p < 0.05). Since 281 soil analyses showed only small differences in soil mineral content between years (Supplementary Table  282 S2), this may reflect differences in the availability of soil nutrients or the growth of roots between years. 283
Influence of location and weather on the nutrient composition of oats and barley 284
The nutritional content of some of the oat and barley varieties grown in Orkney was compared with that 285 of the same varieties grown further south in the UK between 2012 and 2014. Tables 4 and 5 There were significant differences between oat varieties for β-glucan (lowest in Firth), starch (highest in 290 Lennon), sugar (lowest in Canyon) and fat content (highest in Lennon) (p < 0.05) and near-significant 291 differences for protein (p = 0.086), NDF (p = 0.051), starch (p = 0.091) and sugar (p = 0.074). The only 292 macronutrient differing significantly between locations was β-glucan (p = 0.011), which was lowest for all 293 varieties when grown in Orkney. These results suggest that the Orkney environment may not be optimal 294 for growing oats for a high β-glucan market. Nevertheless, this disadvantage might be mitigated by careful 295 variety selection -for example, the Scandinavian variety Betania had a significantly higher β-glucan 296 content than any of the other varieties grown in Orkney (Table 2) , with concentrations similar to the 297 highest values for oats grown further south. However, the relationship between climate and β-glucan is 298 complex (Redaelli et al., 2013) and studies over more seasons, more varieties and on other soils are 299 14 required to investigate this further. The ash, protein, starch, NDF and β-glucan content of oats was also 300 affected by the growing year (p < 0.05). Comparing the barley varieties grown in Orkney and Dundee, no 301 significant differences were detected for either variety or location, although several differences were 302 almost significant (Table 4) . Year, however, influenced several macronutrients in barely including ash, 303 protein, and NDF (p < 0.05). Previous studies have shown that nutritional content can be affected by 304 differences between growing sites, variety and agronomic factors (Zhou et al., 1999; Doehlert et al., 2013; 305 Redaelli et al., 2013; Sikora et al., 2013) . It is possible that the environmental differences between the 306 sites in this study may not have been diverse enough to result in larger differences in nutrient content. 307
For minerals, there were significant differences between oat varieties in potassium, calcium, manganese, 308 and copper (p < 0.05) (Table 5) . Potassium, sodium and zinc were significantly influenced by location (p < 309 0.05), with the potassium content being lowest at Morfa, the sodium content highest in Orkney and the 310 zinc content highest at Berwick-upon-Tweed (Table 5 ). In the case of sodium, this probably resulted from 311 the Orkney trial site being only about 1 km from the sea. The difference in zinc content between the sites 312 was low (less than 0.2 mg) and should be interpreted with caution. The content of the following minerals 313 also differed with harvesting year: magnesium, phosphorus, calcium, manganese, iron, copper and zinc. 314
In most cases these were highest in 2014 and often lowest in 2012. In barley, the iron content was 315 significantly higher (p = 0.03) in Orkney compared to Dundee and may reflect the high levels of iron which 316 occurred in soils at this trial site (Supplementary Table S2 ). Analysis of trace mineral composition 317 (Supplementary Table S6 ) identified few significant differences related to location or variety, with the 318 exception of a higher content of molybdenum in Waggon than Concerto barley. The content of some 319 minerals (phosphorus, potassium, magnesium, copper and zinc) in barley flour (Table 5) was also  320 significantly affected by year, with the highest concentrations of phosphorus, potassium, calcium, sodium, 321 and manganese found in 2014. It is likely that the high concentrations of some minerals which occurred 322 in 2014 in both barley and oats is related to weather patterns but more years of data would be required 323 15 to clarify this. Apart from a significantly lower β-glucan content in oats and minor differences in mineral 324 content for both oats and barley, these analyses indicated that the nutritional content of oats and barley 325 in Orkney was not very different from that of the same varieties grown at more southerly UK sites. 326
Nevertheless, the few near-significant differences may justify further investigation. 327
The annual macronutrient content of oats and barley averaged over varieties at each site together with 328 growing season rainfall and degree days is shown in Table 6 . There were several significant correlations 329 between rainfall and degrees days and nutrient content. Rainfall had a strong positive correlation with 330 protein concentration for oats and barley in Orkney, and oats at Morfa. At these sites, protein 331 concentrations were highest in the wettest year, 2012, and were lowest in the driest year (2014 in Orkney 332 and 2013 at Morfa). Degree days, however, was negatively correlated with protein content for oats and 333 barley in Orkney and barley at Dundee, but positively correlated with protein in oats grown in Berwick-334 upon-Tweed and Morfa. Weather factors were one of the principal drivers for a large environmental effect 335 on grain protein concentration reported for oats and barley grown in Finland, and exceeded the effect of 336 genotype (Peltonen-Sainio et al., 2012) . In Orkney, the fat content of oats was correlated positively with 337 degree days but negatively with rainfall. Starch and NDF content often showed the opposite relationships 338 with rainfall and degree days. Rainfall showed a positive association with the starch content of oats grown 339 in Orkney and barley grown in Dundee while, NDF was negatively correlated with rainfall for oats and 340 barley grown in Orkney and barley in Dundee. In contrast, degree days was negatively correlated with 341 starch but positively correlated with NDF for oats in Orkney. It can also be seen that the highest starch 342 concentrations occurred in all trials in 2012 and were accompanied by particularly low levels of NDF. 343
Conversely, the lowest starch contents mostly occurred in 2013 and were accompanied by the highest 344 concentrations of NDF. Previously, Becker et al. (1995) and Tiwari and Cummins (2009) Although significant correlations between β-glucan and rainfall and degree days were only found for oats 355 grown at Morfa, significant differences between β-glucan attributable to location are reported in Table 4  356 for three varieties of oats. For these varieties, β-glucan was highest at Berwick-upon-Tweed (3.5 g / 100g) 357 and lowest in Orkney (3.1 g / 100 g). The main differences in growing season weather between these two 358 locations were the higher rainfall and lower temperatures in Kirkwall. Differences were particularly 359 marked during the months of grain filling and maturation (August to September) with much higher rainfall 360 in Orkney (average, 203 mm for 2012 to 2014 compared with 141 mm at Berwick-upon-Tweed) and higher 361 temperatures at Berwick-upon-Tweed (average, 14.5 o C compared with 13.0 o C in Orkney). Warmer, drier 362 conditions were also found to favour β-glucan production by Andersson and Börjesdotter (2011) , although 363 the opposite has also been reported by Doehlert et al. (2013) , while Redaelli et al. (2013) reported the 364 highest β-glucan content under intermediate temperature and rainfall conditions. In barley, protein 365 content is an important determinant of end-use with low protein and high starch especially desirable for 366 malting. Data in Table 5 for Concerto and Waggon suggest that conditions in Orkney may favour a higher 367 protein content than those in Dundee. Comparison of the weather data for the two sites from 2012 to 368 2014 showed a consistent pattern of lower rainfall in Orkney from May to July (average, 128 mm 369 compared with 210 mm in Dundee), but higher rainfall from August to September (average, 203 mm 370 compared with 109 mm in Dundee). Growing season average monthly temperatures were all higher in 371
Dundee, but especially for the period May to July (average 11.7 o C in Orkney and 12.2 o C in Dundee). 372
Conclusions 373
Agronomy trials and detailed nutritional analyses were carried out for a diverse group of barley and oat 374 varieties grown in Orkney and at other sites in the UK. There has been no previous report of the nutritional 375 content of oats and barley grown in hyper-oceanic climates like Orkney's. These trials indicated that 376
Scandinavian early maturing varieties of both oats and barley are suitable for growing in the north of 377
Scotland and the nutritional analyses showed that some of these had significantly higher β-glucan content 378 than the recommended UK varieties grown in the trial. Since Scandinavian varieties were not included in 379 trials in more southerly locations where oat β-glucan contents were generally higher, it would be useful 380 to test some of these varieties in these locations to assess the impact on β-glucan levels. Significant 381 varietal differences were found in both oats and barley for most macronutrients and abundant minerals, 382 demonstrating the importance of selecting varieties for specific end-uses. Weather conditions appeared 383 to affect the nutrient content of the varieties, with the level of several nutrients varying from year to year. 384
Future work should investigate the influence of weather factors before and after the grain filling period 385 on nutritional content. It would also be valuable to screen a wider range of Scandinavian varieties for 386 growing in the north of Scotland. 387
Compared with the other barley varieties, the Scottish landrace Bere, which has a tradition of use for 388 milling into beremeal and also for brewing and distilling (Martin et al., 2009) , had low β-glucan, but high 389 fat, sugar and protein; it also contained the highest concentrations of several minerals. In spite of the 390 weather-related challenges of growing oats and barley in Orkney, the nutritional analyses showed few 391 statistically significant differences between the nutritional content of their grains from Orkney compared 392 with those from trials in more southerly parts of the UK. The main exception was β-glucan, which was 393 18 lower in Orkney oats. Although not significant, it was also noted in barley that protein tended to be higher 394 in Orkney, which may make it harder to produce good quality malting barley. It is not clear to what extent 395 the results from Orkney can be extrapolated to more northern maritime locations like Iceland, the Faroes 396 and coastal Norway, but analyses of a small number of samples from the same varieties of barley grown 397 in these areas in 2014 showed a higher sugar, but lower starch content in the samples from Orkney. It is 398 therefore likely that differences will occur, and this is under investigation. 399
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